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Expression of the principal chaperones of the heat shock stimulon of Streptomyces albus G are under the
negative control of different repressors. The dnaK operon is regulated by hspR, the last gene of the operon
(dnaK-grpE-dnaJ-hspR). hsp18, encoding a member of the small heat shock protein family, is regulated by orfY,
which is in the opposite orientation upstream of hsp18. The groES-groEL1 operon and the groEL2 gene are
regulated differently. They present tandem copies of the CIRCE element found in the 5* region of many heat
shock genes and shown to act in Bacillus subtilis as an operator for a repressor encoded by hrcA (hrc stands for
heat regulation at CIRCE). We report the identification in S. albus of a new heat shock operon containing hrcA
and dnaJ homologs. Disruption of hrcA increased the transcription of the groES-groEL1 operon and of the
groEL2 gene. These features were lost when the mutant was complemented in trans by an intact copy of hrcA.
Despite considerable accumulation of the GroE chaperones in the hrcA mutant, there was no effect on forma-
tion of the aerial mycelium and sporulation, indicating that neither hrcA nor the level of groE gene expression
is directly involved in the regulation of Streptomyces morphological differentiation.

Streptomyces ssp. are filamentous soil bacteria belonging to
the high-G1C branch of the gram-positive eubacteria. These
bacteria have a complex morphological cycle. On solid media,
spores germinate and form a basal mycelium. This is followed
by aerial mycelium development, and septation of the myce-
lium leads to spore formation. Streptomyces spp. are metabol-
ically active during the stationary phase and produce a very
large variety of secondary metabolites. We are interested in
studying the heat shock response in Streptomyces because heat
shock proteins (HSPs) may be involved in physiological and
morphological differentiation. Nutritional imbalances activate
a developmental program involving the heat shock stress regu-
lon (33). This suggests that the regulatory systems that control
HSPs are involved in Streptomyces development. We are also
interested in identifying the principal HSPs of Streptomyces,
because they could be used to facilitate protein overproduction
and secretion (45). Manipulation of the hsp genes may make it
possible to develop Streptomyces hosts that produce homolo-
gous or heterologous proteins more efficiently.

Scores of differentiation mutants have been obtained in
Streptomyces in recent years. They fall into two main classes:
“bald” mutants, unable to produce aerial mycelia, and “white”
mutants, unable to sporulate (4). Several mutations have been
characterized, but none are related to the hsp genes. However,
the cascade of events leading to the change from basal myce-
lium to aerial mycelium formation has not been elucidated.

The heat shock response and its regulation were first studied
in detail in Escherichia coli. There are two heat shock regulons,
positively regulated at the level of transcription by sigma fac-
tors. The largest regulon is controlled by s32, and the smallest
regulon is controlled by s24 (for recent reviews see references
3, 11, and 48).

However, recent results obtained with other bacteria show a
different situation. In Bacillus subtilis, the heat shock response
of which has also been studied in detail, three classes of heat

shock genes have been described. The number of classes is
likely to increase because class III comprises heat shock genes
of unknown regulation. The chaperone-encoding genes dnaK
and cohort dnaJ and grpE and the chaperonin-encoding genes
groEL and groES are ubiquitous. These are class I genes in B.
subtilis, and their thermoregulation depends on a repressor
and an operator CIRCE (for controlling inverted repeat of
chaperone expression) (35, 49). CIRCE elements have been
identified more than 50 times in 28 eubacterial species (17).
CIRCE has been reported to be associated with the dnaK
and/or groEL genes or their cohort, grpE, dnaJ, and groES. In
B. subtilis, the gene of the dnaK operon furthest upstream,
formerly called orf39, has been shown to encode the repressor
of the dnaK and groEL operons. This protein binds to CIRCE-
bearing DNA fragments (47), and orf39 has been renamed
hrcA (for heat regulation at CIRCE).

It is likely that all microorganisms with CIRCE contain a
gene similar to hrcA. Genes similar to hrcA have been identi-
fied by chance by sequencing the dnaK operon and during the
sequencing of the entire genomes of organisms.

In Streptomyces spp., neither hrcA nor CIRCE is associated
with the dnaK operon, the regulation of which depends on
another repressor, HspR (2, 13). CIRCE is associated with two
groEL genes (groEL1 and groEL2) (25). groEL1 forms an op-
eron with a groES gene, whereas groEL2 maps to another
location on the chromosome (7, 34) and is not associated with
a groES gene. Transcription of these genes is thermoregulated.
Transcription of the groES-groEL1 operon generates two
mRNAs: a 500-base groES transcript and a 2,200-base polycis-
tronic groES-groEL1 transcript. The transcript of groEL2 is
1,900 bases long (15). Two copies of CIRCE are present in
tandem upstream from groESL1 and groEL2. One copy is
located between the transcriptional and translational start
sites, and the other overlaps the 235 hexamer of the promoter
(7). The presence of CIRCE elements and the detection of a
CIRCE DNA-binding protein in gel retardation assays (8)
suggests that an hrcA-like gene is present in Streptomyces.

We report here the cloning and characterization of the
Streptomyces albus hrcA gene. The effects of disrupting hrcA
show that it is the principal regulator of groEL expression and
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that neither hrcA nor the level of groEL is directly involved in
control of the Streptomyces cell cycle.

MATERIALS AND METHODS

Bacterial strains, media, and plasmids. The S. albus G strain (J1074), deficient
in both SalI restriction and modification systems (5), was obtained from the John
Innes Culture Collection (Norwich, England). S. albus was routinely cultivated
on NE plates (29) or in YEME rich liquid medium (20). When required, thio-
strepton and viomycin were added at a concentration of 25 mg/ml, and hygro-
mycin was used at a concentration of 250 mg/ml. The E. coli strain SURE (14)
was used as the host for cosmid library preparation, and strain TG1 (12) was used
for plasmid construction. E. coli S17.1 (39), carrying an integrated RP4 deriva-
tive, was used for intergenic conjugation between E. coli and S. albus. E. coli
GM2929 (dam dcm) was used for the extraction of unmethylated DNA. E. coli
cells were cultured in Luria broth supplemented with ampicillin (100 mg/ml)
when required. pUC19 and M13 vectors (46) were used for cloning and sequenc-
ing. pHM11a (28), an E. coli-Streptomyces integrative shuttle vector, was used for
complementation of the hrcA mutation. Cosmid vector SuperCos I (9) was
obtained from Stratagene.

Preparation of the cosmid library. Chromosomal DNA from S. albus was
partially digested with Sau3AI and ligated into the BamHI site of SuperCos I.
The cosmid was packaged by using l packaging extracts from Stratagene. E. coli
SURE was infected with the l particles, and ampicillin-resistant clones were
selected. A total of 1,152 colonies were used to inoculate 150 ml of Luria-Bertani
broth containing ampicillin in 12 96-well microtiter plates. After overnight
growth, glycerol was added to a final concentration of 20%, and the plates were
stored at 270°C.

DNA manipulations. Degenerate oligonucleotide Dal3 (ACSATCCGSAACG
ASATGGCSSASCTSGAG, with S being G or C) based on the HrcA consensus
region, TIRNEMADLE, was used to probe the cosmid library. The oligonucle-
otide was radiolabeled with [g-32P]dATP by using polynucleotide kinase (Phar-
macia). The blots were probed overnight by incubation at 57°C with the oligo-
nucleotide. They were then washed with 0.53 SSC (13 SSC is 0.15 M NaCl plus
0.015 M sodium citrate)–0.1% sodium dodecyl sulfate (SDS) at 57°C and auto-
radiographed. Four colonies that gave a strong signal were analyzed further. In
Southern blots probed with radiolabeled Dal3, three cosmids (H1, H2, and H3)
generated similar hybridization patterns. In particular, a 1.2-kb SalI fragment
present in the three preparations hybridized with Dal3. This fragment was iso-
lated from agarose gel and inserted into pUC19. The sequence was determined
and showed that this fragment contained the 59 region of a gene similar to hrcA.
The fourth cosmid, H4, generated a different hybridization pattern. A 450-bp
SalI fragment which hybridized with Dal3 was cloned and sequenced. It con-
tained a stretch of 22 nucleotides identical to the Dal3 probe, accounting for the
hybridization signal. However, the rest of the sequence was very different from
that of hrcA. The protein encoded by the 450-bp SalI fragment had a sequence
similar to that of the NusA protein (SwissProt identification no. P32727) of
B. subtilis. There were no significant similarities between the sequences of NusA
and HrcA, so we concluded that the signal obtained was due to chance, and
cosmid H4 was not analyzed further.

We obtained a complete copy of the hrcA gene by isolating a 3.5-kb SmaI
fragment from cosmid H1 and inserting it into pUC19 cut with SmaI, giving
pPM3881.

Determination of the DNA sequence. The EcoRI/HindIII fragment of pPM3881
was inserted into the appropriate sites of M13mp18 or M13mp19. DNA was
sequenced by the dideoxy chain method of Sanger et al. with the Sequenase kit
(version 2.0; U.S. Biochemical Corp.) and 35S-dATP, the universal M13 primer,
and synthetic oligonucleotides (17-mers; Genset).

Construction of an hrcA insertion mutant. pPM3881 was cut with BclI, and the
1.8-kb BamHI fragment from pIJ39 (41) carrying the tsr gene was inserted into
the BclI site of pPM3881 to give pPM3891. pCG3981 was constructed by intro-
ducing the oriT-vioR cassette (37) into the single HindIII site of pPM3891. This
cassette contains an origin of transfer and makes it possible to select for viomycin
resistance. pPM3981 was transferred by conjugation from E. coli to S. albus as
previously described (26).

Construction of a dnaJ2 insertion mutant. pPM3881 was cut with BamHI and
AlwNI, and the 980-bp internal fragment of dnaJ2 was isolated, its ends were
blunted, and it was ligated into SmaI-digested pUC19, giving pPM3902. The
internal dnaJ2 fragment was removed by digestion with KpnI and BamHI and was
inserted into KpnI- and BamHI-digested pPM2208 (formerly called pPM935-del
[37]) to give pPM3922. pPM3922 was transferred by conjugation from E. coli to
S. albus, and thiostrepton-resistant clones were selected.

Secretion of endogenous proteins. For a-amylase secretion analysis, S. albus
wild-type and mutant strains were patched on starch-containing plates and halos
of starch hydrolysis were detected by iodine staining. For b-lactamase secretion
analysis, the strains were patched on ampicillin-containing plates. They were
cultured for various periods of time, and the plates were then spread with
ampicillin-sensitive E. coli bacteria. The size of the halos of E. coli growing at the
point of contact with the Streptomyces patches indicated the level of ampicillin
detoxification by secreted b-lactamase.

Complementation of the hrcA mutation. A full-length hrcA gene was obtained
by PCR with the oligonucleotides OLC45 (59 CGCATATGCTCAGCGAACGA

AGGCTCGAAG 39) and OLC46 (59 CGGGATCCTTACGACTCCGCCAGG
ATCTGTC 39).

The PCR product was cut with NdeI and BamHI and ligated into pHM11a
digested with NdeI and BamHI to give pCG92. pCG92 was transferred by
conjugation from E. coli to S. albus. Exconjugants were selected on the basis of
hygromycin resistance.

Heat shock protein induction in Streptomyces. Total proteins, either [35S]me-
thionine-cysteine labeled or unlabeled, were extracted as described previously
(16). SDS-polyacrylamide gel electrophoresis (PAGE) (15% polyacrylamide)
was performed according to the method of Laemmli (23). The proteins were
transferred to Immobilon membranes. GroEL proteins were detected by West-
ern blotting with the ECL Western blotting system (Amersham). Mouse anti-
bodies raised against Mycobacterium leprae GroEL were provided by B. Gicquel
(Institut Pasteur).

RNA analysis. S. albus total RNA was extracted, and Northern blotting was
carried out as previously described (38). Highly stringent conditions were used
for hybridization, and the blots were washed with 0.53 SSC–0.1% SDS at 65°C.
The probes used were S. albus groES, groEL2 (25), and hrcA (this work).

The transcription start site upstream from the hrcA-dnaJ2 operon was deter-
mined by primer extension. The hrcA-specific oligonucleotide OLC47 (59 GCG
GTACCCTTGTCGGTCGGGATCGGCCC 39), radiolabeled with [g-32P]dATP
by using polynucleotide kinase, was used with RNA preparations from heat-
shocked and untreated S. albus cultures. Avian myeloblastosis virus (AMV)
reverse transcriptase was used according to the manufacturer’s recommenda-
tions (Pharmacia). The samples were subjected to electrophoresis in a 5% poly-
acrylamide–8 M urea gel.

Nucleotide sequence accession number. The nucleotide sequence of S. albus
hrcA has been deposited in GenBank (accession no. AF025656).

RESULTS

Cloning of the hrcA gene of S. albus. The CIRCE operator
sequences are highly conserved among bacterial species, but
the sequences of HrcA repressors share few similarities. This
makes it difficult to design a nucleotide probe for hrcA, even if
the Streptomyces codon bias is used. Streptomyces has a high
G1C content, and it tends to favor codons with a G or a C in
the third position. However, we mostly used highly degenerate
probes. Various oligonucleotides were designed based on the
available HrcA sequences. Oligonucleotide Dal3 is based on
the peptide TIRN(EDY)MA(DAQV)LE, a consensus se-
quence derived from the HrcA proteins of B. subtilis (44),
Staphylococcus aureus (31), Clostridium acetobutylicum (30),
Mycoplasma genitalium (10), and Chlamydia trachomatis (40),
and on ygr, a sequence encoding an HrcA-like protein, discov-
ered during the M. leprae sequencing project (cosmid B1937;
K. Robison, GenBank). Oligonucleotide Dal3 hybridized
strongly to four clones of the S. albus cosmid library. Three of
the clones were found to have sequences similar to that of
hrcA, whereas the fourth was a false positive.

Nucleotide sequence of S. albus hrcA and dnaJ2. The nucle-
otide sequence of hrcA and its downstream and upstream re-
gions (2,521 bp) was determined by using plasmid pPM3881
and subclones in M13 vectors. The sequence was aligned with
those of HrcA proteins, and a GTG translation initiation co-
don was identified, preceded by a GGAGG ribosome-binding
site. The hrcA gene encodes a protein of 336 amino acids, with
a molecular mass of 36.9 kDa and a sequence 26% identical to
that of the B. subtilis HrcA. The deduced peptide sequence
contained the sequence TVRNDMAALE rather than the con-
sensus TIRN(EDY)MA(DAQV)LE.

There was also a “dnaJ-like” gene immediately downstream
from hrcA. As there was already a dnaJ gene in the dnaK op-
eron of Streptomyces, we called this gene dnaJ2. It encodes a
379-amino-acid polypeptide, with a predicted molecular mass
of 40.6 kDa. A sequence with dyad symmetry downstream from
dnaJ2 may be a transcriptional terminator. The hrcA gene is
preceded by a canonical CIRCE sequence TTGGCACTC 9N
GAGTGCCAG 78 bp upstream from the putative GTG trans-
lation start site of hrcA.
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Transcription of the hrcA-dnaJ2 operon. The transcription
of hrcA was investigated by Northern blotting with an internal
hrcA probe. A 2.4-kb transcript was detected in RNA extracted
from heat-shocked cultures (data not shown). An mRNA of
this size was predicted from the sequence of an hrcA-dnaJ2
polycistronic transcript, starting near the CIRCE element and
ending at the putative transcription terminator. This result also
suggests that the transcription of the hrcA-dnaJ2 operon is heat
induced, and this was confirmed by a primer extension exper-
iment, as described below. The arrangement of the genes of
this new operon is shown in Fig. 1.

Determination of the transcription initiation site. We de-
termined the transcription start site of the hrcA-dnaJ2 operon
by primer extension analysis with oligonucleotide OLC47 on
RNA isolated from cultures grown at 30°C or heat shocked at
41°C for 20 min (Fig. 2).

A single transcription start site was identified 87 bp up-
stream from the hrcA translation initiation codon and 6 bp
upstream from the CIRCE element. The 235 and 210 hex-
amers were aligned, and the following similarities were found
between the Streptomyces vegetative promoter consensus and
the hrcA promoter: TTGACPu17–18ntAgPuPuT for the veg-
etative promoter and TTGCGC19ntACACT for the hrcA-
dnaJ2 promoter, where nt is nucleotides. The space between
the 210 and 235 hexamer motifs is exceptionally long, with 19
bp rather than 17 or 18 bp. The 235 hexamer of the hrcA
promoter (boldface) is located within a palindromic sequence
(underlined), GGTGTGCCCCGGCCTTGCGCTCGGCACA
CC, which may be involved in the regulation of expression of
this gene (see Discussion).

Disruption of the hrcA gene and resulting phenotype. We
disrupted the hrcA gene of S. albus by using a technique in-
volving the conjugative transfer from E. coli to Streptomyces of
a plasmid unable to replicate in Streptomyces. Conjugation
between E. coli S17-1 containing pPM3891 and S. albus result-
ed in thiostrepton-resistant exconjugants, which were screened
for viomycin sensitivity. The frequency of viomycin-sensitive,
thiostrepton-resistant clones (Tsrr Vios) was about 6%. The
hrcA gene of these mutants was assumed to be disrupted by a
tsr insertion following a double-crossover event at the hrcA
locus. The elimination of vector DNA and integration of tsr
into the genome was demonstrated by Southern blotting (data
not shown).

Growth of the hrcA mutant was not impaired at 30°C on
solid rich medium. The formation of the aerial mycelium and
sporulation, in particular, were not prevented at 30 or 37°C.
However, the mutant grew more slowly at 37°C than the wild
type did.

GroEL facilitates the export of some proteins from E. coli
(24, 32). Endogenous amylase and b-lactamase secretion was
assessed by plate assays, and no obvious effect of GroEL ac-
cumulation on the export of these two proteins from the hrcA
mutant was observed (results not shown).

Analysis of an hrcA null mutation on the expression of the
principal hsp genes. The levels of GroES and GroEL proteins
in the hrcA mutant were assessed by SDS-PAGE (Fig. 3).

There were large amounts of a 60- and an 11-kDa protein in
the protein extract of the mutant. The overproduced proteins
were recognized by anti-GroEL (Fig. 4) and anti-GroES anti-
bodies (data not shown). Anti-GroEL antibodies detected sev-
eral minor bands for the mutant, which were not detected for
the wild-type control. These bands are probably GroEL deg-
radation products. A high level of proteolysis was observed for
various proteins in E. coli cells overproducing GroEL or
GroEL and GroES (21).

We scanned the Coomassie blue-stained gel and found that
the 60-kDa protein accounted for 19% of total protein in the
hrcA mutant and the 11-kDa protein accounted for 5.5%. This
provides enough GroES versus GroEL for the formation of the
chaperonin machinery. Indeed, in the classical asymmetric
GroEL-GroES chaperonin complex (6), 14 subunits of GroEL
(56 kDa) interact with 7 subunits of GroES (11 kDa). The
predicted protein ratio (wt/wt) between GroEL and GroES in
this complex is around 10. The protein ratio is around 5 for a
symmetric 14-GroEL–14-GroES complex.

Northern blotting with a groES probe showed that the groES
and groES-groEL1 transcripts accumulated in the hrcA mutant
at 30°C (Fig. 5). These transcripts did not accumulate in a
control in which the mutation was complemented by pCG92,
which contains a functional copy of hrcA. The blot was probed

FIG. 1. Schematic representation of the hrcA-dnaJ2 operon. The promoter
(P), CIRCE motif (circle), and putative transcription terminator (hairpin) are
indicated. Polycistronic mRNA is represented by a dashed arrow.

FIG. 2. Determination of the transcription start site of the hrcA-dnaJ2 oper-
on. Primer extension mapping with the AMV reverse transcriptase was carried
out with 59-labeled oligonucleotide OLC47 and RNA from cultures grown at
30°C (lane 1) or subjected to heat shock at 41°C for 20 min (lane 2). The sizes
of the fragments were determined by electrophoresis and comparison with se-
quencing ladders (lanes A, C, G, and T) generated with OLC47 on single-
stranded DNA (a subclone from pPM3881 in M13mp18). The relevant DNA
sequence is indicated, and the transcription start site is shown by outlined
characters. The converging arrows indicate the CIRCE sequence.
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with a groEL2-specific probe, and groEL2 transcripts were
found to accumulate similarly in the noncomplemented hrcA
mutant (data not shown).

The pattern of expression of the principal, CIRCE-indepen-
dent hsp genes (hsp94, dnaK, and hsp18) was not affected by the
hrcA mutation. Labeling experiments with [35S]methionine-
cysteine showed that these genes underwent normal thermoin-
duction (Fig. 6).

Complementation of the hrcA null mutation. Insertion of the
tsr resistance gene is likely to have a polar effect on the expres-
sion of dnaJ2, the second gene of the operon. We investigated
the involvement of hrcA and dnaJ2 in generating the hrcA null

phenotype by complementing the mutation with pCG92 in
trans. pCG92 contains a copy of hrcA under the control of the
constitutive erm promoter from the erythromycin resistance
gene of Saccharopolyspora erythraea.

The patterns of groESL1 and groEL2 expression in the hrcA
mutant complemented with pCG92 were similar to those of the
wild-type strain at 30°C and after heat shock. This shows that
HrcA represses the transcription of groESL1 and groEL2. The
pHM11a vector alone has no effect on groESL expression. The

FIG. 3. Accumulation of GroEL and GroES in the hrcA mutant. S. albus
wild-type (lane A) and hrcA null-mutant (lane B) bacteria were grown at 30°C for
18 h. Protein extracts were prepared and subjected to SDS-PAGE (15% poly-
acrylamide). The gel was stained with Coomassie blue R250. Molecular mass
markers (top to bottom): 94, 67, 43, 30, 20.1, and 14.4 kDa.

FIG. 4. Immunological detection of GroEL. Cultures of the S. albus wild type
(lane 1), wild type with vector pHM11a (lane 2), wild type with pCG92 (lane 3),
hrcA null mutant (lane 4), hrcA mutant with pHM11a (lane 5), and hrcA mutant
complemented by pCG92 (lane 6) were grown at 30°C. Total cell protein extracts
were prepared, and equal amounts of protein were applied to each lane. The im-
munoblot was probed with antibodies raised against M. leprae GroEL. Molecular
mass markers (the bars adjacent to lane 1; top to bottom): 94, 67, 43, and 30 kDa.

FIG. 5. Northern blot analysis of the groES and groESL1 transcripts. Total
RNA was extracted from cultures of the S. albus wild type (lanes 1 and 2), wild
type with vector pHM11a (lanes 3 and 4), wild type with pCG92 (lanes 5 and 6),
hrcA null mutant (lanes 7 and 8), hrcA mutant with vector pHM11a (lanes 9 and
10), and hrcA mutant complemented by pCG92 (lanes 11 and 12). The cultures
were grown at 30°C (lanes 1, 3, 5, 7, 9, and 11) or shifted to 41°C for 20 min (lanes
2, 4, 6, 8, 10, and 12). RNAs were hybridized with a groES-specific probe which
detects both the monocistronic groES and the polycistronic groES-groEL1 prod-
ucts of the groESL1 operon.

FIG. 6. Effect of the hrcA mutation on the kinetics of HSP synthesis after
temperature shift in S. albus. Cultures (20 h after inoculation) of the S. albus wild
type (lanes 1 and 2) or hrcA null mutant (lanes 3 and 4) growing at 30°C were
divided into 1-ml aliquots, which were cultured at 30°C (lanes 1 and 3) or 41°C
(lanes 2 and 4). Five minutes later, [35S]methionine-cysteine was added, and the
cultures were labeled by incubation for 20 min. Total protein extracts were pre-
pared and subjected to SDS-PAGE, and the gel was dried and subjected to au-
toradiography. HSP94, HSP70 (DnaK), HSP56-58 (GroEL), and HSP18 (top to
bottom) are indicated by arrows. GroES does not contain methionine or cysteine
and therefore is not detected.
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hrcA gene in pCG92 was constitutively expressed under the
control of the erm promoter, so regulation of groESL1 and
groEL2 transcription was not directly linked to the level of
hrcA transcription. High-level constitutive expression of hrcA
did not prevent groES-groEL1 and groEL2 thermoinduction
(Fig. 4 and 5). Therefore, regulation probably depends on the
modulation of HrcA activity (see Discussion).

Disruption of dnaJ2. Our attempts to disrupt dnaJ2, the
second gene of the operon, were at first unsuccessful. We used
a procedure similar to that used to disrupt hrcA but were
unable to select the double-crossover event leading to insertion
of a cassette into dnaJ2. We then used an internal dnaJ2 frag-
ment to screen for the insertion of the plasmid in a single-
recombination event (one crossover), which is more readily
selected (37). Clones with disruption of dnaJ2 were selected,
and the integration of the plasmid into dnaJ2 was confirmed by
Southern blotting. The growth of the dnaJ2 mutant on NE
plates was similar to that of the wild type. The pattern of HSPs
in SDS-PAGE was also similar to that of the wild-type strain
(data not shown). However, in this mutant, of the two deletion-
containing copies of dnaJ2 obtained by this procedure, one had
a deletion of only 45 bp at its 39 end. It is not clear whether this
deletion is sufficient to prevent the formation of an active gene
product.

DISCUSSION

We identified hrcA, which encodes the repressor of the
groESL1 and groEL2 genes in S. albus. In an earlier work we
reported that groEL1 was regulated transcriptionally and by a
thermodependent posttranscriptional regulation (38). Here we
show that disruption of the repressor led to groE transcript and
protein accumulation at low temperatures, showing that post-
transcriptional regulation, by whatever mechanism, did not
prevent translation of the accumulated transcripts in the ab-
sence of HrcA. Protein synthesis was analyzed by [35S]methi-
onine-cysteine labeling of hrcA mutant cultures grown at 30°C
or under heat shock conditions. Temperature had no signifi-
cant effect on GroEL biosynthesis in the mutant.

The expression of the hrcA gene was thermoinducible. There
is a CIRCE sequence at the 59 end of the hrcA-dnaJ2 tran-
script, so HrcA probably negatively autoregulates its own syn-
thesis by binding to CIRCE. hrcA transcription may also be
subject to positive regulation. The 235 hexamer of the hrcA
promoter is located in a palindromic sequence, and the space
between the 210 and 235 hexamer motifs is longer than usual:
19 bp rather than 17 or 18 bp. The situation in the mercury
resistance gene cluster is similar. In the merT promoter, a
19-bp space between the 210 and 235 hexamers puts these
two elements out of alignment with the RNA polymerase re-
gions with which they must interact. Binding of the MerR
regulator to a nearby palindromic sequence induces a 33° un-
winding, making it possible for the hexamers to align in such a
way that they function (18). A similar mechanism has been
suggested for the thiostrepton-inducible promoter tipAp in
Streptomyces (19). Positive regulation by twisting the promoter
may also apply to hrcA.

hrcA was associated with a second copy of dnaJ. The pres-
ence of several dnaJ genes is not unusual. There is a second
copy of dnaJ, cbpA, in E. coli (42), and there are three dnaJ-like
sequences in the small M. genitalium genome (10). The pres-
ence of two dnaJ genes suggests that the encoded proteins may
have different physiological functions, either alone or in asso-
ciation with DnaK. The dnaJ259 mutation in E. coli, resulting
from an H33D change in the HPD tripeptide, prevents inter-
action with DnaK (43). The HPD motif is present in both DnaJ

and DnaJ2, so both may interact with DnaK. DnaJ2 has the
canonical organization of all members of the DnaJ family: an
amino-terminal J domain, then a glycine-rich domain, zinc fin-
gers composed of repeats of the CXXCXGXG motif, and a
low-homology carboxy-terminal region.

The slight inhibition of the growth of the hrcA mutant at
37°C was unexpected because accumulation of GroEL in-
creases E. coli survival at high temperatures (22).

The secretion of heterologous proteins in the hrcA mutant
will be analyzed in detail as part of another study.

GroESL is the major modulator of the CIRCE heat shock
regulon in B. subtilis (27). The interaction of GroEL and HrcA
in this bacterium controls the availability of the repressor form
of HrcA. It will be of interest to determine whether one or
both of the Streptomyces GroEL proteins interact with HrcA
in a similar way. Five groEL genes have been characterized in
Bradyrhizobium japonicum. The groESL4 gene is regulated by
CIRCE, whereas groESL1 depends on sigma 32 factor for
transcription. Knockout mutations in groEL4 resulted in high-
er levels of groESL4 transcription. This suggests that CIRCE
repression depends on the cellular level of GroEL4 (1). HrcA
activity may well be regulated by another component in Strep-
tomyces. Indeed, we have shown that overexpression of hrcA,
either by thermoinduction or by insertion of the gene in an
expression vector, does not lead to repression of CIRCE-reg-
ulated genes. In particular, the thermoinduction of hrcA, which
is overexpressed at the point at which it stops acting as a
repressor, suggests a situation similar to that described for
B. subtilis, in which the modulator of HrcA activity is titrated
under heat shock conditions (27).

This work provides no evidence for a correlation between
the Streptomyces cell cycle and groEL regulation. Instead, it
complements previous work, in which hspR and orfY, two other
regulators of the principal chaperones of Streptomyces, were
disrupted or overexpressed (13, 36). In each case, changing the
amount of the regulator had no direct effect on the formation
of the aerial mycelium or sporulation. Here we show that this
is also the case for hrcA. Taken together, these results indicate
that the regulatory systems of the main HSPs, GroEL, DnaK,
and Hsp18, are not directly involved in Streptomyces develop-
ment.
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